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Object. There were two main purposes to this study: first, to assess the feasibility and reliability of 2 quantitative methods to assess bleeding volume in patients who suffered spontaneous subarachnoid hemorrhage (SAH), and second, to compare these methods to other qualitative and semiquantitative scales in terms of reliability and accuracy in predicting delayed cerebral ischemia (DCI) and outcome.
Methods. A prospective series of 150 patients consecutively admitted to the Hospital 12 de Octubre over a 4-year period were included in the study. All of these patients had a diagnosis of SAH, and diagnostic CT was able to be performed in the first 24 hours after the onset of the symptoms. All CT scans were evaluated by 2 independent observers in a blinded fashion, using 2 different quantitative methods to estimate the aneurysmal bleeding volume: region of interest (ROI) volume and the Cavalieri method. The images were also graded using the Fisher scale, modified Fisher scale, Claasen scale, and the semiquantitative Hijdra scale. Weighted k coefficients were calculated for assessing the interobserver reliability of qualitative scales and the Hijdra scores. For assessing the intermethod and interrater reliability of volumetric measurements, intraclass correlation coefficients (ICCs) were used as well as the methodology proposed by Bland and Altman. Finally, weighted k coefficients were calculated for the different quartiles of the volumetric measurements to make comparison with qualitative scales easier. Patients surviving more than 48 hours were included in the analysis of DCI predisposing factors and analyzed using the chi-square or the Mann-Whitney U-tests. Logistic regression analysis was used for predicting DCI and outcome in the different quartiles of bleeding volume to obtain adjusted ORs. The diagnostic accuracy of each scale was obtained by calculating the area under the receiver operating characteristic curve (AUC).
Results. Qualitative scores showed a moderate interobserver reproducibility (weighted k indexes were always < 0.65), whereas the semiquantitative and quantitative scores had a very strong interobserver reproducibility. Reliability was very high for all quantitative measures as expressed by the ICCs for intermethod and interobserver agreement. Poor outcome and DCI occurred in 49% and 31% of patients, respectively. Larger bleeding volumes were related to a poorer outcome and a higher risk of developing DCI, and the proportion of patients suffering DCI or a poor outcome increased with each quartile, maintaining this relationship after adjusting for the main clinical factors related to outcome. Quantitative analysis of total bleeding volume achieved the highest AUC, and had a greater discriminative ability than the qualitative scales for predicting the development of DCI and outcome.
Conclusions. The use of quantitative measures may reduce interobserver variability in comparison with categorical scales. These measures are feasible using dedicated software and show a better prognostic capability in relation to outcome and DCI than conventional categorical scales. plied criteria. 3, 6, 8 These scales have been criticized owing to their lack of reliability, especially the lack of interobserver reproducibility due to sometimes confusing or misleading grading criteria. 3, 11, 14, 15 In an attempt to reach a more objective assessment of hemorrhage volume, a semiquantitative scale was designed by Hijdra et al. 9 This scale has been found to provide better reliability and prognostic accuracy than previous qualitative scales. 33 Despite the development of this semiquantitative scale, blood clot measurement remains subject-dependent, thus hampering appropriate comparisons between series of patients and different management strategies.
A more objective way to assess the severity of the bleeding would be to measure the actual volume of the bleeding in the different intracranial compartments, as has been tried with other intracranial masses. 30 The quantitative assessment of bleeding volume in patients with SAH has been performed by several authors, first in a limited number of cases, 2, 7 and recently in a larger group of patients.
14 However, there has been no analysis of the reliability of these volumetric measurements in terms of interrater or intermethod reproducibility, and their comparison with other scales is limited. Therefore, the objective of this study was to assess the feasibility and reliability of 2 quantitative methods to measure bleeding volume in patients who have suffered spontaneous SAH, and to compare them to other qualitative and semiquantitative scales in terms of reliability and accuracy in predicting DCI and outcome.
Methods

Patient Sample
The study included a prospective series of patients consecutively admitted to Hospital 12 de Octubre in Madrid, Spain, over a 4-year period (2006) (2007) (2008) (2009) (2010) . All of these patients had a diagnosis of SAH, and diagnostic CT was able to be performed in the first 24 hours after the onset of the symptoms. The diagnosis of SAH was made by the presence of a typical clinical history of spontaneous SAH and the presence of intraventricular blood or blood in the basal cisterns on the admission CT scan. The onset of the hemorrhage was considered the point at which neurological symptoms or clinical deterioration began. In awake and cooperative patients, this information was provided by the patients themselves. In unconscious, disoriented, or dysphasic patients, this information was obtained by relatives who had witnessed the moment of deterioration. Exclusion criteria for this study were age below 18 years, history of previous SAH or stroke, and nonaneurysmal SAH. All procedures were reviewed by our local institutional ethical committee and informed consent was obtained in all patients.
All patients were treated in accordance with published national guidelines for the treatment of aneurysmal SAH, 18, 25 with aneurysms generally secured by endovascular or surgical means within 24-72 hours after the beginning of symptoms. All patients received oral or intravenous nimodipine and were treated in an ICU. No corticosteroids or prophylactic anticonvulsant therapy were used.
Data Collection, DCI Definition, and Outcome Assessment
Data corresponding to clinical characteristics such as age, sex, history of previous hypertension, and medical history were recorded at admission. Patients were evaluated in the emergency department and their clinical situation was assessed by the Glasgow Coma Scale 31 and the WFNS scale. 4 The clinical condition at admission was considered good (WNFS Grades I, II, or III) or poor (WFNS Grades IV or V). The presence and location of the aneurysm was identified by admission CT angiography or cerebral angiography. Delayed cerebral ischemia was defined as clinical deterioration attributable to vasospasm when other causes of deterioration could be ruled out such as hydrocephalus, rebleeding, or electrolyte abnormalities, or by the detection of a new infarct on brain CT related to vasospasm that was not visible on the admission or immediate posttreatment scan, or both. Delayed cerebral ischemia was diagnosed by the treating physician of the patient and prospectively recorded. Outcome was evaluated 6 months after the bleeding using the Glasgow Outcome Scale. 12 
Image Analysis
All CT images were evaluated by 2 independent observers who were not aware of the clinical situation or outcome of the patients. The images were stored in DI-COM format and analyzed on a personal computer using Analyze software (version 9.0, AnalyzeDirect). Two different quantitative methods were used for estimating the aneurysmal bleeding volume: ROI volume and the Cavalieri method.
In the ROI method, regions of hemorrhage on CT scans were delineated in each slice using a semiautomatic threshold of density. The Analyze system uses semiautomatic segmentation tools such as region growing, edge tracing, and connected thresholding tools, as well as a manual pixel selection tool, all of which were used to segment data in this study. The semiautomated method consists of selecting a pixel inside the volume to be segmented, which is called a seed. The software then automatically connects the neighboring pixels of the initial seed that have a similar intensity. The observer chooses the intensity threshold to be selected to obtain the entire region to be segmented in each slice. Therefore, from the initial point or seed, a region of similar intensity is developed that is chosen by the observer in a semiautomatic region-growing algorithm. As an adjunct to this semiautomatic method, the ROI in each slice can be modified by edge-tracing or limit-tracing tools to better adjust the ROI to the actual area to be segmented. The different hemorrhagic areas are added up slice by slice automatically by the computer to obtain the final different volumes. For a better illustration of the method a video is presented (Video 1). With this methodology, the maximum time spent to segment all ROI volumes in an individual case does not exceed 15 minutes.
The Cavalieri method consists of applying a grid of points to each section, and the observer indicates (counts) the number of points inside the area to be measured. Each point has an area associated with it, and from this area a hemorrhagic area by slice can be calculated by counting the points in each slice. The total volume is calculated by multiplying the area by the slice thickness. The Analyze software implements automated algorithms for both methods. For a better illustration of this second method a video is presented (Video 2). This method is more time consuming, because average time spent on volume estimation was approximately 20 minutes for each case.
With both methods, cisternal bleeding volume and total bleeding volume were calculated by 2 independent observers. Both observers also graded SAH bleeding on the diagnostic CT scans using the Fisher CT grading scale, 6 modified Fisher scale, 8 Claasen scale, 3 and the semiquantitative Hijdra scale. 9 Both cisternal and intraventricular scores for the Hijdra scale were also combined for analysis as a total Hijdra score.
Statistical Analysis
Weighted k coefficients were calculated for assessing the interobserver reliability of qualitative scales. The different Hijdra scores (cisternal, intraventricular, and total) and the volumetric measurements were analyzed using a similar scheme. For assessing the intermethod and interrater reliability of volumetric measurements, ICCs were calculated and the methodology proposed by Bland and Altman 1 was also used for this purpose. This methodology is based on the 95% limits of agreement method, in which 95% of the differences between methods or observations should be evenly distributed inside the 95% CI of the mean of the differences between observers or methods. Therefore, the differences between methods or observers should be constant through the range of measurements and should follow a normal distribution. To check this, 2 plots are drawn: a scatter diagram of the difference against the average of the 2 measurements (2 different methods or 2 different observers), and a histogram of the differences. As suggested by Luiz et al., 21 this analysis was also supplemented by the addition of a graph in which the observed absolute differences between methods or observers were plotted against the proportion of cases with differences that were at least the observed difference. In this way it is easier to observe the different values of absolute difference in volume or score that correspond to determined values of discordance proportion, and at which threshold value discordance between observers or methods is below 5% (or concordance above 95%). As a final step for assessing the reliability of volumetric measures, weighted k coefficients were calculated for the different quartiles of the measurements to make comparison with qualitative scales easier.
For the purpose of statistical analysis, outcome was dichotomized into good or poor outcome. Only patients surviving more than 48 hours were included in the analysis of DCI predisposing factors. The relationship between the different collected variables and the appearance of DCI and outcome was assessed using the chi-square test or the Mann-Whitney U-test as appropriate. Logistic regression analysis was used for predicting DCI and outcome in the different quartiles of bleeding volume, and any variables with significant probability values on univariate analysis were adjusted for in the multivariate logistic regression analysis to obtain adjusted ORs for each bleeding volume quartile. The diagnostic accuracy of each scale was obtained by calculating the AUC for each scale. This was compared with the AUC for quartile distribution for the total volume of bleeding and semiquantitative total bleeding scores.
Results
Patient Demographics
A total of 150 patients were included during this 4-year period. The median patient age was 52, and most patients (62%) were female. Forty-one percent of the patients had a poor clinical grade at admission. Most of the patients were classified as Grade 3 or 4 on the Fisher scale. Poor outcome was found in 73 patients (49%). One hundred twenty patients survived for more than 48 hours and were included in the analysis for factors related to DCI. Delayed cerebral ischemia was present in 47 patients (31%) and was related to poor outcome: 52% of patients presenting with DCI suffered a poor outcome, whereas only 25% of patients without DCI suffered a poor outcome.
Reliability of Volumetric Methods and Qualitative and Semiquantitative Scales
Qualitative scores showed a moderate interobserver reproducibility as expressed by their weighted k indices that were always below 0.65 (Table 1) , while the semiquantitative and quantitative scores had a very strong interobserver reproducibility. All quantitative measures showed a significantly higher reproducibility than qualitative scores, both when analyzing subarachnoid clot volume and the total volume of bleeding. Furthermore, reliability was very high for all quantitative measures, as expressed by the ICCs obtained both for intermethod (ROI measurements compared with those using the Cavalieri method) and interobserver agreement ( Table 2 ). This reliability is significantly higher for quantitative measurements than for semiquantitative ones (Hijdra score), both for cisternal and total bleeding volumes.
Intermethod agreement between volumes obtained by the Cavalieri method and the ROI method was larger for lower volumes and decreased with larger volumes (Fig. 1A and D) , especially when volumes were larger than 25 ml, both in cisternal bleeding volume and total bleeding volume. However, more than 95% of the differences between methods for both volumes were inside the 95% CI and showed a normal distribution (Fig. 1B and  E) . Agreement was reached in 95% of the observations within approximately ± 6 ml in both total and cisternal bleeding volume (Fig. 1C and F) .
Interobserver agreement for cisternal bleeding volume (Fig. 2) and total bleeding volume (Fig. 3) as measured using the ROI method shows a very similar behavior. Differences between observers were lower for smaller volumes and higher for larger volumes of bleeding (Figs.  2A, 2D, 3A, and 3D) . Also, differences between observers showed a normal distribution (Figs. 2B, 2E , 3B, and 3E), and 95% of agreement between observers was reached at a difference of approximately ± 6 ml (Figs. 2C, 2F , 3C, and 3F). This value represents 11% of the range of cisternal bleeding volume obtained and only 4% of the range of total bleeding volume obtained. After analyzing the interobserver reliability of the Hijdra semiquantitative score for both cisternal Hijdra scores (Fig. 2G-I ) and total Hijdra scores (Fig. 3G-I ), although differences were evenly distributed along all scores and showed a normal distribution, 95% of agreement was obtained around the value of 10 points, which was a third of the actual range of scores.
Relationship of Bleeding Volume to the Occurrence of DCI and Outcome: Comparison With Other Scales
The relationship between the main epidemiological characteristics and bleeding volumes with outcome and development of DCI is presented in Table 3 . Clinical factors typically related to poor outcome also appeared to be related in this series, such as poor clinical grade, hypertension, and diabetes. Among included patients, the distribution of demographic factors was not statistically different between patients developing DCI or not. Larger bleeding volumes, including both cisternal and total bleeding volume, were related to a poorer outcome and a higher risk of developing DCI. This relationship between bleeding volume and outcome was further studied by determining the ORs for poor outcome and the development of DCI for each quartile of total bleeding volume (ROI) obtained (Table 4) . The proportion of patients suffering DCI or a poor outcome increased with each total bleeding volume (ROI) quartile, and therefore there were increased odds of developing DCI or achieving a poor outcome as total bleeding volume (ROI) increased. This relationship was maintained after adjusting for the main clinical factors related to outcome. The discriminative capacity for both outcome and DCI for the different radiological scales and bleeding volumes was studied by plotting the AUC (Fig. 4) and analyzing the different AUCs (Table 5) . Quantitative analysis of total bleeding volume achieved the highest AUC, and the discriminative ability of this value was higher than that observed for qualitative scales, for predicting both the development of DCI and outcome.
Discussion
This study shows that it is possible to quantify the amount of cisternal and total bleeding volume in patients suffering from SAH. This quantification has an acceptable reliability between both different quantifying methods and between independent observers, and finally, these bleeding volume estimations are useful for predicting both the development of DCI and outcome.
Since the introduction of CT in the study of SAH, the amount of bleeding has been measured by different qualitative scales. 13 These scales used different definitions to classify patients into grades, which described different risks of developing vasospasm and/or poor outcome. The more commonly used scale, the Fisher scale, was found to provide a good correlation with both outcome and the development of DCI. 6 However, this relationship has not been entirely validated by other groups or series of patients, and criticisms of its interobserver reproducibility are common in the literature.
3,15,33 There have been sev- 19, 20, 22 The presence of a large amount of intraventricular hemorrhage cannot be used as a differentiating factor between patients presenting with thick clots in the cisterns, and thus are classified as Grade 3.
13 Also, Grade 4 does not discriminate between small or large intraventricular bleeding volumes, or between intraventricular hemorrhage and intracerebral hematoma. Furthermore, there is a common misconception between Grades 3 and 4 and the original definition of the scale, as many clinicians classify a Fisher Grade 3 CT scan as Fisher Grade 4 only due to the presence of some intraventricular hemorrhage, without taking into account that Grade 3 should be chosen instead of Grade 4 if a patient has profuse cisternal bleeding (localized clots and/or vertical layers of blood 1 mm or greater in thickness), regardless of intraventricular hemorrhage or a hematoma.
Thus, other authors have proposed different modifications of the Fisher scale such as the modified Fisher scale 8 and Claasen scale, 3 taking into consideration the presence and amount of intraventricular bleeding. Both of these scales have better prognostic capacity for determining the risk of developing vasospasm and poor outcome than the Fisher scale, but they also rely on subjective definitions of the amount of bleeding, and thus do not demonstrate better interobserver reliability than the Fisher scale. 15 A semiquantitative approach to the problem of grading the amount of both subarachnoid and intraventricular bleeding was designed by Hijdra et al. 9 In this approach, 10 different cisterns are evaluated using a score that describes the amount of blood in each of them, from no blood (0 points) to completely filled with blood (3 points). All scores are summed to establish a final cisternal score, which ranges from 0 to 30. Intraventricular hemorrhage is also quantified in each ventricle in a similar way, determining an intraventricular score that ranges from 0 to 12. Both scores can be summed to obtain a semiquantitative total bleeding score. This approach has proved to be useful in predicting both outcome and the risk of developing DCI in patients with SAH 11, 20, 33 and also presents a better interobserver reliability than qualitative scales, 11, 33 although the complexity of its scoring process makes it cumbersome to use in everyday clinical practice for some. 32 The idea of quantifying the amount of bleeding present on CT scans of patients suffering SAH using computer-based techniques is not new. Broderick et al. 2 in 1994, and then Friedman et al. 7 in 2002, found that using digitized CT scans, a volume of cisternal or total volume of bleeding of 20-21 ml strongly predicted the development of DCI. Reilly et al. 23 in 2004 determined that not only the quantitative analysis of the initial subarachnoid clot but also the percentage of clot clearance per day have a good relationship to the development of DCI, both as independent factors. More recently, Ko et al.
14 used personal computer-based software to quantify volumes in DICOM images, and showed that the quantitation of SAH is feasible, and that both cisternal and total bleeding volume are related to both the development of DCI and outcome. Sato et al. 29 developed a method to quantify SAH on 3D CT, which yields volume data in less time than with 2D techniques. In this method, hemorrhage volume within the different compartments is determined based on blood Hounsfield units. These investigators found a good correlation between the blood burden and the development of symptomatic vasospasm, although just 4 of their 50 patients developed DCI. Despite these quantification studies, none of them has been able to determine if there is interobserver or intermethod agreement when using this technology in determining SAH volumes.
The analysis of the reliability of computerized volumetric measures has seldom been taken into consideration, because of both the difficulty in assessing reliability with quantitative measures and also because of the very infrequent use of these techniques in clinical practice. One of the first attempts to determine the reliability of computerized volumetric methods using the ICC and the methodology described by Bland and Altman was conducted by Stochetti et al. 30 in head injury lesions. Their results in hematoma volume assessment showed that interobserver agreement is high in low-volume measures whereas it decreases in large lesions. A similar trend occurred in our experience, for both the agreement between methods and between observers. The 95% limits of agreement for the intermethod agreement between the computerized and Cavalieri method ranged from -2.75 ml to 3.89 ml for traumatic lesions, similar to that obtained both for cisternal and total bleeding volume in our paper (-4.2 ml and 4.8 ml for cisternal volume and -5.1 ml and 5.8 ml for total bleeding volume). Hematomas are normally spherical or ellipsoidal lesions that are easy to delimit, and their volume is determined by simple formulas in which their 3 maximal diameters are multiplied, reflecting a very similar result to that obtained by sophisticated computerized methods. However, cisternal bleeding is much more difficult to delimit and its shape determines that no volumetric formula can be applied to estimate its volume. Therefore, one could expect that, although sophisticated, these methods could present a similarly modest interobserver or intermethod agreement as qualitative methods, due to the difficulty in the spatial definition of bleeding in cisterns. The analysis applied in this paper attempts to determine if this is the case, and shows that intermethod and interobserver agreement is good for quantitative measures, for both cisternal and total bleeding volumes. We also found that the Hijdra score shows a better performance in this aspect than other scales, as shown recently by Ibrahim et al. 11 Likewise, our data show that quantitative blood burden is a better predictor of DCI and outcome 6 months after SAH compared with the qualitative and semiquantitative scales. Moreover, there has been no overlap in the ORs for DCI and outcome in different hemorrhage volume groups, which suggests a strong association between 14 also found this robust association between blood burden and DCI, which is the modified Fisher scale equivalent in predicting DCI. On the other hand, they found that the quantitative analysis of the blood clot was a better predictor of outcome 3 months after SAH.
Taken together, blood clot quantitative measurement is not only a good research tool but also a good predictor of DCI and prognosis in patients suffering an SAH. The use of semiautomatic techniques might be considered as cumbersome and slow, but this limitation may be solved with the development of automatic systems for quantifying lesion volume.
This study has several limitations. First, this study is a retrospective analysis based on a prospectively collected registry. Therefore, some degree of bias is inevitable. To partially address this issue, the 2 observers were blinded to clinical outcome and vasospasm development when analyzing the CT scans. Also, the effect of treatment on DCI has not been evaluated. Although no specific effort was made to evacuate a subarachnoid clot during aneurysm surgery other than in the cisterns that needed to be opened for clip placement, it must be noted that the clot clearance rates may not follow the natural history of SAH and may also differ from the coiled aneurysm because there is no clot removal in these cases. Clot evacuation during surgery may have some effect on the occurrence of DCI and final outcome. 23 Another limitation of the methods introduced for obtaining the bleeding volume is that they are not fully automated and therefore they can be viewed as burdensome. This fact could determine that they will be reserved just for scientific purposes and will not be generally adopted. Analyze software allows a fully automated region-growing algorithm based on the automatic growth of a region of pixels of similar intensity. This method was attempted with several patients. However, the automated segmentations produced did not adjust properly to the bleeding and therefore this method was discarded. Also, in our experience, the time spent on the ROI method is limited. However, it is desirable that a fully automated algorithm for volume calculation based on pixel intensity could be developed.
There are multiple strengths of this study. As opposed to previous studies that only included patients with a Fisher grade of 3, or 2 or 3 different scales, we have included every possible consecutive patient with SAH across all SAH grades and have measured the blood clot using qualitative, semiquantitative, and quantitative scales. To the best of our knowledge, this is the first study to determine the amount of blood burden using several different scales and quantitative measures, and to compare them in terms of reliability and accuracy in predicting DCI and outcome.
Conclusions
The use of quantitative measures may reduce interobserver variability in comparison with categorical scales. They are feasible using dedicated software, and they show a better prognostic capability related to outcome and DCI than conventional categorical scales. A better option for determining the bleeding load of patients when volumet ric quantitation is not possible is the use of the semiquan titative Hijdra score, which shows both acceptable interobserver agreement and prognostic capability. 
